Transcriptional control of long-range cortical projections by Paolino, Annalisa et al.
Transcriptional control of long-range cortical projections 1 
 2 
Annalisa Paolino1,§, Laura R. Fenlon1,§, Rodrigo Suárez1,* and Linda J. Richards1,2,* 3 
 4 
The University of Queensland, 1Queensland Brain Institute and 2School of Biomedical 5 
Sciences, Brisbane, Australia 4072. 6 
§ These authors contributed equally to this work 7 
*Correspondence: richards@uq.edu.au, r.suarez@uq.edu.au8 
ABSTRACT (max 120 words) 9 
Long-range projection neurons of the neocortex form the major tracts of the mammalian 10 
brain and are crucial for sensory-motor, associative and executive functions. Development of 11 
such circuits involves neuronal proliferation, specification and migration, as well as axonal 12 
elongation, navigation and targeting, where growing axons encounter multiple guidance cues 13 
and integrate these signals to execute guidance decisions. The complexity of axon guidance 14 
mechanisms has suggested that they might be under control of transcription factors, which 15 
are DNA-binding proteins that regulate the expression of downstream genes, in the formation 16 
of long-range neuronal projections. Here we discuss recent advances in our understanding of 17 
the control of axon guidance by transcriptional regulation, as well as future directions for the 18 
elucidation of the mechanisms and pathological relevance of this process.19 
 3 
HIGHLIGHTS (max 5) 20 
• Neuronal identity is regulated by combinatorial sets of gene expression under 21 
transcriptional regulation. 22 
• Long-range axonal projections are guided to their targets by dynamic interactions 23 
between axon guidance receptors and their ligands during development. 24 
• Expression of many axon guidance genes is controlled by transcription factors in a 25 
spatially and temporally specific manner.26 
 4 
INTRODUCTION 27 
The specificity of long-range cortical connections, such as callosal, corticospinal and 28 
corticothalamic projections, arises through a developmental sequence of events, from neuronal birth 29 
and specification, to circuit formation and refinement. The correct establishment of these 30 
connections during development is fundamental for healthy brain function1. Indeed, it has been 31 
suggested that aberrant brain connectivity may be involved in the aetiology of several 32 
neurodevelopmental conditions, such as schizophrenia2, attention-deficit hyperactivity disorder3, 33 
mirror movements4 and autism5. The elongation, navigation and final establishment of long-range 34 
axonal projections are sequential processes that require coordinated expression of genes encoding 35 
multiple guidance receptors and ligands, both within the axon and the cellular environment6. The 36 
orchestration of such complex events is thought to be under the control of master regulatory 37 
proteins that influence the transcription of downstream genes in a stage and cell specific manner to 38 
guide long-range projections to their targets. Here, we outline the latest advances and current 39 
challenges in our understanding of the transcriptional regulation of axon guidance during the 40 
formation of corticocortical, subcortical and corticothalamic projections. 41 
 42 
MAIN TEXT 43 
Transcription factors as master regulators of development 44 
The correct formation of brain circuits involves multiple processes, including cell proliferation, 45 
neuronal differentiation, migration, identity specification and axonal elongation of long-range 46 
projection neurons7. These steps are under the regulation of transcription factors, which act as 47 
master regulators of development7. The terms “master regulator gene” or “transcriptional regulator” 48 
have been increasingly used in the literature to define proteins that, by binding DNA directly or 49 
indirectly through the formation of protein complexes, regulate the expression of multiple 50 
downstream genes, which specify cellular fate8. As a result, when the expression of certain master 51 
regulators is altered in the neocortex, long-range projection neurons undertake an alternative fate 52 
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and extend their axons to different targets, a process known as cellular re-programming or re-53 
specification8. Considering the wide variety of roles that transcription factors play during cortical 54 
development, axonal guidance defects can be directly or indirectly caused by their altered 55 
expression. For example, impaired migration may result in neurons that are located in the wrong 56 
region of the brain and/or layer of the cerebral cortex, causing them to be exposed to different 57 
guidance molecules specific to that area and produce an aberrant pattern of connectivity. Other 58 
effects of mis-expressed transcription factors can include altered neuronal morphology or impaired 59 
expression of membrane molecules, which are both crucial for interactions with neighbouring cells, 60 
synaptic partners and, ultimately, projection patterns9. A combinatorial expression of transcriptional 61 
regulators that controls downstream regulatory proteins can thus often characterise different 62 
populations of long-range projection neurons with a specific pattern of connectivity10. 63 
 64 
Transcriptional regulators delineate three types of neocortical long-range projection neurons 65 
Circuit mapping experiments employing retrograde tracers have demonstrated three major types of 66 
excitatory long-range projection neurons in the neocortex: 1) corticocortical projection neurons, 67 
which are located primarily in layers (L) 2/3 and 5 of the cortex, and extend their axons to the 68 
contralateral hemisphere through the corpus callosum, as well as to other areas of the same 69 
hemisphere11-13; 2) subcerebral projection neurons, which occupy L5 and project to subcortical 70 
targets, such as the midbrain, hindbrain and spinal cord14,15; and 3) corticothalamic projection 71 
neurons, located in L6, which send connections to reciprocal regions of the sensory thalamus16,17. 72 
These neuronal populations are born at different stages of cortical development18,19 (with the 73 
exception of L5 corticocortical and subcerebral neurons) and express different combinations of 74 
regulatory genes that trigger specific developmental programs of neuronal fate10 (Table 1). For 75 
example, the appropriate ratio of corticocortical and subcerebral projection neurons located in the 76 
deeper layers of the neocortex is regulated by the expression of specific transcription factors, such 77 
as CTIP120,21. In the following sections, each of the three subtypes of neocortical long-range 78 
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projection neurons and our understanding of the regulation of their axonal elongation and guidance 79 







L2/3 and L5 L5 L6 
Cited222 Bcl614,23 Cxxc524,25 
Lhx226,27 Bhlhe22 (Bhlhb5)27,28 Foxp224,27,29 
Lmo422,30 Ctip2 (Bcl11b)14,15,31 Gse124 
Satb232,33 Fezf2 (Fezl)17,34 Nfe2l3 (Nrf3)27 
Ski35 Sox514,36 Tbr117 
Tle327 Tcerg1l27 Tle424 
 Zfp70327 Zfpm2 (Fog2)24 
L2/3   
Cux137,38   
Cux222,38   
Pou3f2 (Brn2)22,39   




Corticocortical projection neurons 84 
Corticocortical projection neurons extend their axons to the contralateral hemisphere through the 85 
corpus callosum and/or to other cortical regions within the same hemisphere11-13. Relatively little is 86 
known about the molecular specification of neurons that project exclusively within the same 87 
hemisphere, so here we describe the current understanding of transcription factor expression in 88 
interhemispheric callosal projection neurons. Callosal neurons located in both L2/3 and L5 are 89 
largely characterised by the expression of the transcription factor SATB2. When Satb2 is knocked 90 
out in mouse, corticocortical axons fail to form the corpus callosum and instead reach subcortical 91 
Table 1: Transcriptional regulators differentially expressed in long-range projection 
neurons, based on protein and/or mRNA detection. L, neocortical layer. 
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targets via the internal capsule and the contralateral hemisphere through the anterior 92 
commissure32,33. From early stages of development, L2/3 and L5 callosal neurons also express the 93 
transcription factor LMO4, which is crucial for neuronal differentiation30, as well as CITED2, 94 
which acts in progenitor cells to establish callosal identity22,40. In addition to this, L2/3 and L5 95 
callosal neurons are characterised by the expression of LHX2, which specifies a callosal fate, 96 
especially during deeper layer neurogenesis26, as well as TLE3, the precise actions of which are 97 
currently unknown27. Some transcriptional regulators are also exclusively expressed in neurons 98 
located in L2/3, such as the transcription factors CUX1 and CUX2, which regulate callosal 99 
projections37, dendritic branching, spine formation and synaptogenesis38, as well as POU3F3 and 100 
POU3F2 (BRN1 and BRN2), which are crucial for neuronal positioning41 and formation of callosal 101 
projections39. 102 
 103 
Subcerebral projection neurons 104 
Subcerebral projection neurons form the main descending tracts of the neocortex, including 105 
corticotectal, corticobulbar and corticospinal projections, and are characterised by the expression of 106 
the transcription factors BCL6, CTIP2 (BCL11B), FEZF2 (FEZL), and SOX514,15,23,31,34,36. These 107 
transcription factors are essential for corticofugal projection formation, such that knockout mice for 108 
these genes fail to form cortical connections to the spinal cord, mainly as a result of impaired 109 
differentiation of precursor cells into subcortical projection neurons14,15,23,31,34,36. Subcortical 110 
projection neurons are also characterised by the expression of the transcription factor BHLHE22 111 
(BHLHB5), which is a postmitotic regulator of area identity; Bhlhe22-knockout mice show 112 
disorganisation of the barrels in the somatosensory cortex, as well as altered differentiation of 113 
corticospinal neurons in the motor cortex28. Some transcription factors, such as ZFP703 and 114 
TCERG1L, have been shown to be differentially expressed in subcortical projection neurons, but 115 
further experiments are required to fully elucidate their effect on projection fate27.116 
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Corticothalamic projection neurons 117 
Corticothalamic projection neurons are characterised by the expression of TBR1 and its 118 
downstream effector TLE4, with knockout mice for these genes lacking both the corticothalamic 119 
and the reciprocal thalamocortical projections17,24,42. Corticothalamic projection neurons also 120 
express FOXP224,29, and ZFPM2 (FOG2), which controls corticothalamic neuronal identity and 121 
axonal targeting by downregulating the expression of CTIP224. Additional transcription factors, 122 
such as CXXC5, which is a known activator of myelin genes25, GSE1 and NFE2L324,27, are also 123 
expressed in corticothalamic projection neurons, and are interesting candidates for future studies 124 
investigating their role in corticothalamic tract formation. 125 
 126 
Challenges to elucidating the mechanisms of transcriptional regulation of axon guidance 127 
Despite the differential expression of transcriptional regulators in all three types of long-range 128 
projection neurons, as well as the altered axonal projection patterns in knockout mice for these 129 
genes, the mechanisms by which these proteins influence circuit formation are not fully understood. 130 
For example, most studies have identified a correlation between the expression of transcriptional 131 
regulators and axon guidance genes, without experimentally demonstrating their mechanisms of 132 
interaction43. This may be because transcriptional regulators often simultaneously control multiple 133 
processes during cortical development44, and their mode of action is temporal, spatial, concentration 134 
and gradient dependent45. For example, the transcription factor SIP1 has been shown to play a role 135 
in several aspects of brain development, including the regulation of microtubule-depending axon 136 
guidance and branching in all three populations of long-range projecting neurons46. Similarly, 137 
CTIP1 is expressed in corticocortical and corticothalamic, but not subcerebral neurons20, although it 138 
has broader roles in the cortex, such as the regulation identity of functional areas21, and migration of 139 
upper layer neurons via negative regulation of Sema3c transcription47. Furthermore, the extent of 140 
differential expression and co-expression of transcription factors within neurons, such as CTIP2 and 141 
SATB2, changes throughout development48, highlighting that a multifaceted network of gene 142 
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interactions and mechanisms of feedforward activation and/or feedback repression can also regulate 143 
the temporal sequence of gene expression49. 144 
 145 
Interactions between transcriptional regulators 146 
Transcription factors and associated proteins do not exert their effects in isolation, but rather are 147 
involved in an intricate regulatory network, with combinatorial expression ultimately specifying 148 
guidance factor expression and projection fate determination (Figure 1). For instance, the 149 
corticocortical transcription factor SATB2 represses the subcerebral gene Ctip2, thus inhibiting a 150 
subcortical fate in favour of a commissural one32,33. TBR1 specifies corticothalamic projections, 151 
and can downregulate the subcerebral transcription factor Fezf217, which in turn acts upstream of 152 
Ctip2 and downregulates Satb2 to inhibit a corticocortical fate15,31,34. In contrast, SATB2 has also 153 
Figure 1: Network of transcriptional regulators (bold) and axon 
guidance cue interactions. Continuous lines represent demonstrated 
gene interactions, while dashed lines represent suggested interaction 
based on knockout experiments. Flat-headed arrows: downregulation; 
normal arrows: upregulation. CPN: callosal projection neurons, CThPN: 
corticothalamic projection neurons, SCPN: subcerebral projection 
neurons. Reference numbers supporting each interaction are indicated. 
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been shown to upregulate the expression of Fezf250. This enables SATB2 to promote subcerebral as 154 
well as corticocortical projection fate in a cell context-dependent manner. Indeed, it has been shown 155 
that SATB2 plays a crucial role in the formation of subcortical projections when it is co-expressed 156 
with CTIP2 during early stages of cortical development32,48,51,52. Additional cofactors that may not 157 
directly bind to DNA, are also important regulators of gene transcription. For example, SKI is 158 
recruited by SATB2 to form the repressor complex that binds to regulatory regions of Ctip2, 159 
downregulating its expression and maintaining corticocortical identity35. Lack of SKI in SATB2-160 
positive neurons causes these neurons to coexpress CTIP2 and project to subcerebral targets35. This 161 
network is precisely regulated to ensure that a correct neuronal fate is attributed to neurons 162 
generated at specific stages of development53.  163 
 164 
Transcriptional regulation of axon guidance 165 
Transcriptional regulators not only can affect axon guidance cell autonomously, such as for 166 
example by altering expression of axon guidance genes in a neuronal projection-specific manner51, 167 
but also in a cell non-autonomous way. Examples of the latter include controlling the development 168 
and positioning of guidepost cells, which guide axons to their appropriate targets by releasing cues 169 
in strategic positions54,55, as well as the formation of tissue substrates for axonal growth56. Recent 170 
advances in understanding the cell autonomous transcriptional regulation of axon guidance were 171 
made by Molyneaux et al., (2015), who undertook a broad RNA-sequencing approach to 172 
molecularly characterise corticocortical, subcerebral and corticothalamic neurons, by sorting cells 173 
according to their exclusive expression of SATB2, CTIP2 and TLE4, respectively27. Amongst the 174 
lists of genes involved in multiple processes, the authors discovered axon guidance cues that are 175 
differentially expressed among these three populations (Figure 1, Table 2)27. This approach can be 176 
combined with previous studies demonstrating interactions between transcriptional regulators and 177 
axon guidance cues to find new candidates that might be involved in the specification of cortical 178 
projections (Table 2).  179 
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 180 




projection neurons Notes 
Efnb1 High Low Low Crucial for callosal formation57 
Efnb2 High Low Low Crucial for callosal formation, elevated expression in Satb2-/-33,57 
Efna4 High Low Low Unknown role in callosal formation 
Epha3 High Low Low Unknown role in callosal formation 
Epha4 High Low Low 
Crucial for callosal and subcortical 
tract formation, reduced expression in 
Satb2-/-33,57 
Epha5 Low  Medium Medium 
Unknown role in subcortical 
projection formation, elevated 
expression in Satb2-/-33 
Epha7 Low  Medium High Crucial for corticothalamic projection formation33,58 
Ephb1 Low  High High 
Crucial for subcortical and 
corticothalamic projection, elevated 
expression in Satb2-/-33,59 
Neto1 Low Medium High Unknown role in corticothalamic projection formation 
Neto2 Low Low High Unknown role in corticothalamic projection formation 
Ntn4 Low Low High Unknown role in corticothalamic projection formation 
Ntng1 Low High Low Highly expressed in corticospinal neurons14,34,60 
Ntng2 High Low Low Unknown role in callosal formation 
Plxna2 Low Medium High Unknown role in corticothalamic projection formation 
Plxna4 High Low Low Unknown role in callosal formation, reduced expression in Satb2-/-33 
Plxnd1 High Low Low Unknown role in callosal formation 
Robo1 Low High Low 
Involved in the specification of 
corticofugal, thalamocortical, and 
corticocortical projections61 
Sema3c Low High Low Unknown role in subcortical projection formation 
Sema3e Low High Low Unknown role in subcortical projection formation 
Sema6a Low Medium High Unknown role in corticothalamic projection formation 
Sema7a High Low Low Unknown role in callosal formation 
Unc5c High Low Low 
Crucial for callosal and subcortical 
tract formation, reduced expression in 
Satb2-/-33,62,63 
Unc5d High Low Low Unknown role in callosal formation 
 181 
Table 2: Summary of axon guidance genes differentially expressed by corticocortical 
(SATB2highCTIP2lowTLE4low), subcerebral (SATB2lowCTIP2highTLE4low) and corticothalamic 
(SATB2lowCTIP2medTLE4high) projection neurons (adapted from Molyneaux et al. 2015). Some of these genes 
have been shown to be directly or indirectly regulated by transcriptional regulators. In addition to this, some are 
crucial for the formation of the axonal tract corresponding to the neuronal population where they are highly 
enriched, while others control the formation of different long-range circuits. See text and references for further 
details. 
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Some of the axon guidance genes that were specifically expressed in one of the three groups of 182 
projection neurons have previously been shown to be regulated by the transcription factor used to 183 
isolate these populations22,33 and/or have been shown to play an important role in the specification 184 
of projection fates (Figure 1, Table 2). For example, axon guidance genes that were highly enriched 185 
in SATB2-positive callosal neurons, such as Unc5c (or Unc5h3), Plxna4, and Epha427, were 186 
previously shown to be downregulated in Satb2-knockout animals, confirming that they are directly 187 
or indirectly regulated by SATB2 (Figure 1)33. In addition to this, Unc5c and Epha4 have also been 188 
shown to be necessary for callosal development, and restoring their expression in Satb2 mutants 189 
partially rescues the formation of corticocortical connections via the corpus callosum31,62. Other 190 
genes that were reported to be highly enriched in SATB2-positive neurons, such as Efnb1 and 191 
Ephb327, have not yet been investigated in Satb2-knockout animals, and their transcriptional 192 
regulation remains unknown. However, they represent excellent candidates for investigating their 193 
regulation by SATB2, as previous experiments have shown abnormal callosal projections in the 194 
absence of these guidance cues57. 195 
 196 
Interestingly, a few axon guidance cues shown to be upregulated in Satb2-knockout animals 197 
promote subcerebral projections, likely due to the increased expression of CTIP233 (Figure 1). Due 198 
to the feedback loop in the network that regulates the expression of transcription factors, it is 199 
unclear whether the expression of these specific axon guidance cues is a consequence of the loss of 200 
SATB2 or of the upregulation of CTIP2. Some genes, such as Epha5 and Ephb1, were found to be 201 
highly enriched in CTIP2-positive neurons27, suggesting that they may be directly or indirectly 202 
regulated by CTIP2. Moreover, Ephb1, which regulates the formation of the corticospinal tract59, is 203 
under direct transcriptional control of FEZF259, which also controls, directly or indirectly, the 204 
expression of Ntng134. Although Ntng1 is highly enriched in CTIP2-positive neurons27, as well as in 205 
retrogradely labelled corticospinal neurons14, little is known about its role in corticospinal tract 206 
formation, however it has been suggested to promote thalamocortical axonal outgrowth60. 207 
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Relatively less is known about the transcriptional regulation of axon guidance genes involved in the 208 
formation of the corticothalamic tract. However, some of the genes highly enriched in TLE4-209 
positive neurons, such as Epha7, play a critical role in the guidance of corticothalamic axons, with 210 
altered cortical expression of Epha7 causing a disruption of their topographic organisation58,64.  211 
 212 
Sorting long-range projection neurons based on their differential expression of markers or 213 
retrograde tracers has generated important lists of genes that may be directly or indirectly controlled 214 
by transcriptional regulators. These approaches alone, however, cannot completely shed light on our 215 
understanding of the transcriptional control of axon guidance. First, they exclude regulatory 216 
networks that are shared across neuronal populations. For instance, the transcription factor EMX1 is 217 
ubiquitously expressed in pyramidal cortical neurons and affects midline crossing of callosal axons 218 
via upregulation of guidance receptor Nrp165. Similarly, the expression of other callosal axon 219 
guidance genes, such as Slit1, Sema5b and Unc5a, is under control of the transcription factor 220 
NEUROD66. Second, sorting cells by transcription factor expression may introduce artefacts, as 221 
these populations are often very heterogeneous. For example, most of the cells expressing CTIP2 in 222 
the upper layers and up to 40% of CTIP2-positive cells in the deeper layers are GABAergic 223 
interneurons67. Therefore, more studies that incorporate additional classification methods are 224 
required to fully elucidate the contribution of transcriptional regulators, including their precise 225 
mechanisms of spatially- and temporally-specific action, in the guidance of long-range projections.  226 
 227 
CONCLUSION 228 
The axons of long-range projection neurons that make up the major white-matter tracts of the brain 229 
are guided to their targets through a succession of choice points involving several axon guidance 230 
cues. Transcription factors are thought to play an important role in this process by controlling the 231 
expression of myriad guidance genes, but their mechanisms of action have only recently begun to 232 
be systematically investigated. For example, several studies have found differential enrichment of 233 
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multiple axon guidance genes in corticocortical, subcerebral and corticothalamic neurons, 234 
suggesting that axonal projection phenotypes might be under tight transcriptional control14,15,22,33. 235 
Interestingly, however, only a few axon guidance genes have been shown to be specific for a single 236 
cell-identity27, and most of those that are highly specific are known to play additional roles in 237 
different brain regions, demonstrating that the same signalling pathways can be involved in the 238 
formation of distinct axonal tracts68 (Table 2). Therefore, further research is required to elucidate 239 
the genetic regulation of axon guidance during neocortical development. 240 
 241 
Currently, there are emerging approaches that could be useful to investigate the mechanisms by 242 
which axon guidance gene expression is regulated by transcription factors. For instance, conditional 243 
knockout mouse models or reporter mice could be generated to label and collect specific cell types 244 
expressing or misexpressing a particular transcription factor, and then sequenced at different stages 245 
of development. Another powerful method is chromatin immunoprecipitation and sequencing 246 
(ChIP-seq), which allows the identification of DNA-binding sites of transcription factors to explore 247 
their downstream effectors and elucidate their mechanisms of action9,66. More recently, single-cell 248 
RNA sequencing experiments have provided important datasets of gene expression in cortical 249 
neurons of mice69-71 and humans72,73, yet elucidation of transcriptional programs specific for 250 
neuronal cell-types, and their association with axon guidance regulation, is currently challenging, 251 
due to the high-dimensionality of such datasets, and will likely require advanced statistical 252 
methods74. Applying these techniques in controlled neuronal populations, cortical regions and 253 
developmental stages will substantially improve our knowledge in this field.  254 
 255 
Finally, extracellular and epigenetic mechanisms, such as electrical activity75, chromatin, histone 256 
and DNA modifications76, cis-acting regulation via promoters, silencers and enhancers77, as well as 257 
post-transcriptional78 and post-translational79 modifications, can also affect the expression of 258 
regulatory proteins at specific time points of cortical development. Each step in the genetic and 259 
 15 
epigenetic regulation of axon guidance is required for the correct establishment of brain circuits, 260 
and defects in any of these could lead to neurodevelopmental disorders. Understanding the precise 261 
network of interactions within spatial, temporal and functional contexts will substantially enhance 262 
our knowledge of the development of brain connectivity in health and disease. 263 
 264 
ACKNOWLEDGEMENTS 265 
We are thankful to Jens Bunt and Tobias Bluett for useful discussion and feedback on early 266 
versions of the manuscript. AP was supported by a UQ-QBI Doctoral Scholarship. LRF was 267 
supported by a development fellowship from The University of Queensland (UQFEL1833817). RS 268 
was funded by a Discovery Early Career Researcher Award Fellowship from the Australian 269 
Research Council (DE160101394). LJR was funded by a Principal Research Fellowship from the 270 
National Health and Medical Research Council (NHMRC). 271 
 16 
REFERENCES 
1 Leyva-Diaz, E. & Lopez-Bendito, G. In and out from the cortex: development of major 
forebrain connections. Neuroscience 254, 26-44, 
doi:10.1016/j.neuroscience.2013.08.070 (2013). 
2 Lungu, O. & Stip, E. Agenesis of corpus callosum and emotional information 
processing in schizophrenia. Front Psychiatry 3, 1-8, doi:10.3389/fpsyt.2012.00001 
(2012). 
3 Gilliam, M. et al. Developmental trajectories of the corpus callosum in attention-
deficit/hyperactivity disorder. Biol Psychiatry 69, 839-846, 
doi:10.1016/j.biopsych.2010.11.024 (2011). 
4 Marsh, A. P. et al. Mutations in DCC cause isolated agenesis of the corpus callosum 
with incomplete penetrance. Nat. Genet., doi:10.1038/ng.3794 (2017). 
5 Paul, L. K. et al. Agenesis of the corpus callosum: genetic, developmental and 
functional aspects of connectivity. Nature reviews. Neuroscience 8, 287-299, 
doi:10.1038/nrn2107 (2007). 
6 Lopez-Bendito, G. & Molnar, Z. Thalamocortical development: how are we going to 
get there? Nature reviews. Neuroscience 4, 276-289, doi:10.1038/nrn1075 (2003). 
7 Rakic, P. The radial edifice of cortical architecture: From neuronal silhouettes to 
genetic engineering. Brain Res. Rev. 55, 204-219 (2007). 
8 Chan, S. S. & Kyba, M. What is a Master Regulator? J Stem Cell Res Ther 3, 
doi:10.4172/2157-7633.1000e114 (2013). 
9 Zarin, A. A., Asadzadeh, J. & Labrador, J. P. Transcriptional regulation of guidance at 
the midline and in motor circuits. Cellular and molecular life sciences : CMLS 71, 419-
432, doi:10.1007/s00018-013-1434-x (2014). 
10 Molnar, Z. & Cheung, A. F. Towards the classification of subpopulations of layer V 
pyramidal projection neurons. Neuroscience research 55, 105-115, 
doi:10.1016/j.neures.2006.02.008 (2006). 
11 Economo, M. N. et al. A platform for brain-wide imaging and reconstruction of 
individual neurons. Elife 5, doi:10.7554/eLife.10566 (2016). 
12 Swanson, L. W., Hahn, J. D. & Sporns, O. Organizing principles for the cerebral cortex 
network of commissural and association connections. Proceedings of the National 
Academy of Sciences of the United States of America 114, E9692-E9701, 
doi:10.1073/pnas.1712928114 (2017). 
13 Fenlon, L. R., Suarez, R. & Richards, L. J. The anatomy, organisation and development 
of contralateral callosal projections of the mouse somatosensory cortex. Brain and 
Neuroscience Advances (2017). 
14 Arlotta, P. et al. Neuronal subtype-specific genes that control corticospinal motor 
neuron development in vivo. Neuron 45, 207-221, doi:10.1016/j.neuron.2004.12.036 
(2005). 
15 Chen, B. et al. The Fezf2-Ctip2 genetic pathway regulates the fate choice of 
subcortical projection neurons in the developing cerebral cortex. PNAS 105, 11382-
11387, doi:10.1073/pnas.0804918105 (2008). 
16 Kim, J., Matney, C. J., Blankenship, A., Hestrin, S. & Brown, S. P. Layer 6 
corticothalamic neurons activate a cortical output layer, layer 5a. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 34, 9656-9664, 
doi:10.1523/JNEUROSCI.1325-14.2014 (2014). 
 17 
17 McKenna, W. L. et al. Tbr1 and Fezf2 regulate alternate corticofugal neuronal 
identities during neocortical development. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 31, 549-564, doi:10.1523/JNEUROSCI.4131-
10.2011 (2011). 
18 Angevine, J. B. & Sidman, R. L. Autoradiographic study of cell migration during 
histogenesis of cerebral cortex in mouse. Nature 1962, 766-768 (1961). 
19 Li, H., Shuster, S. A., Li, J. & Luo, L. Linking neuronal lineage and wiring specificity. 
Neural Dev 13, 5, doi:10.1186/s13064-018-0102-0 (2018). 
20 Woodworth, M. B. et al. Ctip1 Regulates the Balance between Specification of 
Distinct Projection Neuron Subtypes in Deep Cortical Layers. Cell reports 15, 999-
1012, doi:10.1016/j.celrep.2016.03.064 (2016). 
21 Greig, L. C., Woodworth, M. B., Greppi, C. & Macklis, J. D. Ctip1 Controls Acquisition 
of Sensory Area Identity and Establishment of Sensory Input Fields in the Developing 
Neocortex. Neuron 90, 261-277, doi:10.1016/j.neuron.2016.03.008 (2016). 
22 Molyneaux, B. J. et al. Novel Subtype-Specific Genes Identify Distinct Subpopulations 
of Callosal Projection Neurons. Journal of Neuroscience 29, 12343-12354 (2009). 
23 Leamey, C. A. et al. Differential gene expression between sensory neocortical areas: 
potential roles for Ten_m3 and Bcl6 in patterning visual and somatosensory 
pathways. Cerebral cortex 18, 53-66, doi:10.1093/cercor/bhm031 (2008). 
24 Galazo, M. J., Emsley, J. G. & Macklis, J. D. Corticothalamic Projection Neuron 
Development beyond Subtype Specification: Fog2 and Intersectional Controls 
Regulate Intraclass Neuronal Diversity. Neuron 91, 90-106, 
doi:10.1016/j.neuron.2016.05.024 (2016). 
25 Kim, M. Y. et al. CXXC5 plays a role as a transcription activator for myelin genes on 
oligodendrocyte differentiation. Glia 64, 350-362, doi:10.1002/glia.22932 (2016). 
26 Muralidharan, B. et al. Lhx2 interacts with the NuRD complex and regulates cortical 
neuron subtype determinants Fezf2 and Sox11. The Journal of neuroscience : the 
official journal of the Society for Neuroscience, doi:10.1523/JNEUROSCI.2836-
16.2016 (2016). 
27 Molyneaux, B. J., Goff, L. A., Rinn, G. L. & Arlotta, P. DeCoN- Genome-wide analysis 
of in vivo transcriptional dynamics during pyramidal neuron fate selection in 
neocortex. Neuron 85, 1-14, doi:10.1016/j.neuron.2014.12.024 (2015). 
28 Joshi, P. S. et al. Bhlhb5 regulates the postmitotic acquisition of area identities in 
layers II-V of the developing neocortex. Neuron 60, 258-272, 
doi:10.1016/j.neuron.2008.08.006 (2008). 
29 Hisaoka, T., Nakamura, Y., Senba, E. & Morikawa, Y. The forkhead transcription 
factors, Foxp1 and Foxp2, identify different subpopulations of projection neurons in 
the mouse cerebral cortex. Neuroscience 166, 551-563, 
doi:10.1016/j.neuroscience.2009.12.055 (2010). 
30 Asprer, J. S. et al. LMO4 functions as a co-activator of neurogenin 2 in the developing 
cortex. Development 138, 2823-2832, doi:10.1242/dev.061879 (2011). 
31 Srinivasan, K. et al. A network of genetic repression and derepression specifies 
projection fates in the developing neocortex. PNAS 109, 19071-19078 (2012). 
32 Britanova, O. et al. Satb2 is a postmitotic determinant for upper-layer neuron 
specification in the neocortex. Neuron 57, 378-392, 
doi:10.1016/j.neuron.2007.12.028 (2008). 
 18 
33 Alcamo, E. A. et al. Satb2 regulates callosal projection neuron identity in the 
developing cerebral cortex. Neuron 57, 364-377, doi:10.1016/j.neuron.2007.12.012 
(2008). 
34 Chen, B., Schaevitz, L. R. & McConnell, S. K. Fezl regulates the differentiation and 
axon targeting of layer 5 subcortical projection neurons in cerebral cortex. 
Proceedings of the National Academy of Sciences of the United States of America 
102, 17184-17189, doi:10.1073/pnas.0508732102 (2005). 
35 Baranek, C. et al. Protooncogene Ski cooperates with the chromatinremodeling 
factor Satb2 in specifying callosal neurons. PNAS 109, 3546-3551 (2012). 
36 Lai, T. et al. SOX5 controls the sequential generation of distinct corticofugal neuron 
subtypes. Neuron 57, 232-247, doi:10.1016/j.neuron.2007.12.023 (2008). 
37 Rodriguez-Tornos, F. M. et al. Cux1 Enables Interhemispheric Connections of Layer 
II/III Neurons by Regulating Kv1-Dependent Firing. Neuron 89, 494-506, 
doi:10.1016/j.neuron.2015.12.020 (2016). 
38 Cubelos, B., Briz, C. G., Esteban-Ortega, G. M. & Nieto, M. Cux1 and Cux2 selectively 
target basal and apical dendritic compartments of layer II-III cortical neurons. 
Developmental neurobiology, doi:10.1002/dneu.22215 (2014). 
39 Oishi, K., Aramaki, M. & Nakajima, K. Mutually repressive interaction between 
Brn1/2 and Rorb contributes to the establishment of neocortical layer 2/3 and layer 
4. Proceedings of the National Academy of Sciences of the United States of America 
113, 3371-3376, doi:10.1073/pnas.1515949113 (2016). 
40 Fame, R. M., MacDonald, J. L., Dunwoodie, S. L., Takahashi, E. & Macklis, J. D. Cited2 
Regulates Neocortical Layer II/III Generation and Somatosensory Callosal Projection 
Neuron Development and Connectivity. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 36, 6403-6419, doi:10.1523/JNEUROSCI.4067-
15.2016 (2016). 
41 Sugitani, Y. et al. Brn-1 and Brn-2 share crucial roles in the production and 
positioning of mouse neocortical neurons. Genes Dev. 16, 1760-1765, doi:10.1101/ 
(2002). 
42 Bedogni, F. H., R. D.; Elsen, G. E.; Nelson, B. R.; Daza, R. A. M.; Beyer, R. P.; Bammler, 
T. K.; Rubenstein, J. L. R; Hevner, R. F. Tbr1 regulates regional and laminar identity of 
postmitotic neurons in developing neocortex PNAS 107, 13129-13134 (2010). 
43 Santiago, C. & Bashaw, G. J. Transcription factors and effectors that regulate 
neuronal morphology. Development 141, 4667-4680, doi:10.1242/dev.110817 
(2014). 
44 Kwan, K. Y., Sestan, N. & Anton, E. S. Transcriptional co-regulation of neuronal 
migration and laminar identity in the neocortex. Development 139, 1535-1546, 
doi:10.1242/dev.069963 (2012). 
45 Hevner, R. F. et al. Beyond Laminar Fate: Toward a Molecular Classification of 
Cortical Projection/Pyramidal Neurons. Dev. Neurosci. 25, 139-151, 
doi:10.1159/000072263 (2003). 
46 Srivatsa, S., Parthasarathy, S., Molnar, Z. & Tarabykin, V. Sip1 Downstream Effector 
ninein Controls Neocortical Axonal Growth, Ipsilateral Branching, and Microtubule 
Growth and Stability. Neuron 85, 998-1012, doi:10.1016/j.neuron.2015.01.018 
(2015). 
 19 
47 Wiegreffe, C. et al. Bcl11a (Ctip1) Controls Migration of Cortical Projection Neurons 
through Regulation of Sema3c. Neuron 87, 311-325, 
doi:10.1016/j.neuron.2015.06.023 (2015). 
48 Harb, K. et al. Area-specific development of distinct projection neuron subclasses is 
regulated by postnatal epigenetic modifications. Elife 5, doi:10.7554/eLife.09531 
(2016). 
49 Rossi, A. M., Fernandes, V. M. & Desplan, C. Timing temporal transitions during brain 
development. Current opinion in neurobiology 42, 84-92, 
doi:10.1016/j.conb.2016.11.010 (2016). 
50 McKenna, W. L. et al. Mutual regulation between Satb2 and Fezf2 promotes 
subcerebral projection neuron identity in the developing cerebral cortex. 
Proceedings of the National Academy of Sciences of the United States of America 
112, 11702-11707, doi:10.1073/pnas.1504144112 (2015). 
51 Lickiss, T., Cheung, A. F., Hutchinson, C. E., Taylor, J. S. & Molnar, Z. Examining the 
relationship between early axon growth and transcription factor expression in the 
developing cerebral cortex. J Anat 220, 201-211, doi:10.1111/j.1469-
7580.2011.01466.x (2012). 
52 Leone, D. P. et al. Satb2 Regulates the Differentiation of Both Callosal and 
Subcerebral Projection Neurons in the Developing Cerebral Cortex. Cerebral cortex, 
doi:10.1093/cercor/bhu156 (2014). 
53 Guillemot, F. Spatial and temporal specification of neural fates by transcription 
factor codes. Development 134, 3771-3780, doi:10.1242/dev.006379 (2007). 
54 Benadiba, C. et al. The ciliogenic transcription factor RFX3 regulates early midline 
distribution of guidepost neurons required for corpus callosum development. PLoS 
Genet 8, e1002606, doi:10.1371/journal.pgen.1002606 (2012). 
55 Lavado, A., Ware, M., Pare, J. & Cao, X. The tumor suppressor Nf2 regulates corpus 
callosum development by inhibiting the transcriptional coactivator Yap. 
Development 141, 4182-4193, doi:10.1242/dev.111260 (2014). 
56 Gobius, I. et al. Astroglial-Mediated Remodeling of the Interhemispheric Midline Is 
Required for the Formation of the Corpus Callosum. Cell reports 17, 735-747, 
doi:10.1016/j.celrep.2016.09.033 (2016). 
57 Mendes, S. W., Henkemeyer, M. & Liebl, D. J. Multiple Eph receptors and B-class 
ephrins regulate midline crossing of corpus callosum fibers in the developing mouse 
forebrain. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 26, 882-892, doi:10.1523/JNEUROSCI.3162-05.2006 (2006). 
58 Son, A. I., Hashimoto-Torii, K., Rakic, P., Levitt, P. & Torii, M. EphA4 Has Distinct 
Functionality From EphA7 in the Corticothalamic System During Mouse Brain 
Development. The Journal of comparative neurology, doi:10.1002/cne.23933 (2015). 
59 Lodato, S. et al. Gene co-regulation by Fezf2 selects neurotransmitter identity and 
connectivity of corticospinal neurons. Nature neuroscience, doi:10.1038/nn.3757 
(2014). 
60 Lin, J. C., Ho, W. H., Gurney, A. & Rosenthal, A. The netrin-G1 ligand NGL-1 promotes 
the outgrowth of thalamocortical axons. Nature neuroscience 6, 1270-1276, 
doi:10.1038/nn1148 (2003). 
61 Lopez-Bendito, G. et al. Robo1 and Robo2 cooperate to control the guidance of 
major axonal tracts in the mammalian forebrain. The Journal of neuroscience : the 
 20 
official journal of the Society for Neuroscience 27, 3395-3407, 
doi:10.1523/JNEUROSCI.4605-06.2007 (2007). 
62 Srivatsa, S. et al. Unc5C and DCC act downstream of Ctip2 and Satb2 and contribute 
to corpus callosum formation. Nature communications 5, 1-15, 
doi:10.1038/ncomms4708 (2014). 
63 Finger, J. H. et al. the Netrin 1 receptors Unc5h3 and Dcc are necessary at multiple 
choice points for the guidance of corticospinal tract axons. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 22, 10346-10356 
(2002). 
64 Torii, M., Rakic, P. & Levitt, P. Role of EphA/ephrin--a signaling in the development of 
topographic maps in mouse corticothalamic projections. The Journal of comparative 
neurology 521, 626-637, doi:10.1002/cne.23195 (2013). 
65 Lim, J. W. C. et al. EMX1 regulates NRP1-mediated wiring of the mouse anterior 
cingulate cortex. Development 142, 3746-3757, doi:0.1242/dev.119909 (2015). 
66 Bayam, E. et al. Genome-wide target analysis of NEUROD2 provides new insights into 
regulation of cortical projection neuron migration and differentiation. BMC 
Genomics 16, 681, doi:10.1186/s12864-015-1882-9 (2015). 
67 NIkouei, K. M.-M., A. B.; Hjerling-Leffler, J. BCL11B_CTIP2 is highly expressed in 
GABAergic interneurons of the mouse somatosensory cortex. Journal of chemical 
neuroanatomy 71, 1-5, doi:10.1016/j.jchemneu.2015.12.004 (2016). 
68 Bagnard, D., Lohrum, M., Uziel, D., Püschel, A. W. & Bolz, J. Semaphorins act as 
attractive and repulsive guidance signals during the development of cortical 
projections. Development 125, 5043-5053 (1998). 
69 Tasic, B. et al. Adult mouse cortical cell taxonomy revealed by single cell 
transcriptomics. Nature neuroscience 19, 335-346, doi:10.1038/nn.4216 (2016). 
70 Zeisel, A. et al. Cell types in the mouse cortex and hippocampus revealed by single-
cell RNA-seq. Science 347 (2015). 
71 Telley, L. et al. Sequential transcriptional waves direct the differentiation of newborn 
neurons in the mouse neocortex. Science (2016). 
72 Lake, B. B. et al. Neuronal subtypes and diversity revealed by single-nucleus RNA 
sequencing of the human brain. Science 352 (2016). 
73 Zhong, S. et al. A single-cell RNA-seq survey of the developmental landscape of the 
human prefrontal cortex. Nature 555, 524-528, doi:10.1038/nature25980 (2018). 
74 Furchtgott, L. A., Melton, S., Menon, V. & Ramanathan, S. Discovering sparse 
transcription factor codes for cell states and state transitions during development. 
Elife 6, doi:10.7554/eLife.20488 (2017). 
75 Tropea, D. et al. Gene expression changes and molecular pathways mediating 
activity-dependent plasticity in visual cortex. Nature neuroscience 9, 660-668, 
doi:10.1038/nn1689 (2006). 
76 Fagiolini, M., Jensen, C. L. & Champagne, F. A. Epigenetic influences on brain 
development and plasticity. Current opinion in neurobiology 19, 207-212, 
doi:10.1016/j.conb.2009.05.009 (2009). 
77 Nord, A. S., Pattabiraman, K., Visel, A. & Rubenstein, J. L. Genomic perspectives of 
transcriptional regulation in forebrain development. Neuron 85, 27-47, 
doi:10.1016/j.neuron.2014.11.011 (2015). 
 21 
78 Zheng, S. et al. PSD-95 is post-transcriptionally repressed during early neural 
development by PTBP1 and PTBP2. Nature neuroscience 15, 381-388, S381, 
doi:10.1038/nn.3026 (2012). 
79 Westermann, S. & Weber, K. Post-translational modifications regulate microtubule 
function. Nat Rev Mol Cell Biol 4, 938-947, doi:10.1038/nrm1260 (2003). 
 
